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(57) Abstract 

Power modulation systems and methods generate an 
amplitude waveform and phase waveform from data symbols. 
The amplitude waveform includes a low frequency portion 
and a high frequency portion. The phase waveform is phase 
modulated to produce a phase modulated waveform. A power 
amplifier, preferably a Class C power amplifier, includes a 
power supply input, a signal input and a power output. The 
phase modulated waveform is applied to the signal input. The 
low frequency portion of the amplitude waveform is amplified at 
high efficiency to produce an amplified low frequency portion. 
The high frequency portion is amplified at lower efficiency to 
produce an amplified high frequency portion. The amplified 
low frequency portion and the amplified high frequency portion 
are combined to produce a combined amplified amplitude 
waveform. The combined amplified amplitude waveform is 
applied to the power supply input of the power amplifier to 
produce a power modulated waveform of the data symbols at 
the power output of the power amplifier. 
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POWER MODULATION SYSTEMS AND METHODS THAT SEPARATELY 
AMPLIFY LOW AND HIGH FREQUENCY PORTIONS OF AN AMPLITUDE 

WAVEFORM 



Field of the Invention 

This invention relates to modulation systems and methods and more 
particularly to systems and methods that can efficiently modulate a signal onto a 
carrier. 



5 Background of the Invention 

Modulation systems and methods are widely used in transmitters to modulate 
information including voice and/or data onto a carrier. The carrier may be a final 
carrier or an intermediate carrier. The carrier frequency can be in UHF, VHF, RF, 
microwave or any other frequency band. Modulators are also referred to as "mixers" 
1 0 or "multipliers". For example, in a mobile radiotelephone, a modulator is used in the 
radiotelephone transmitter. 

In modem radiotelephone communications, mobile radiotelephones continue 
to decrease in size, cost and power consumption. In order to satisfy these objectives, 
it is generally desirable to provide modulation systems and methods that can provide 
15 high power modulation while reducing the amount of battery power that is consumed. 
Unfortunately, the power amplifier of a modulator may consume excessive power due 
to efficiency limitations therein. More specifically, it is known to provide linear 
Class- A or Class-AB power amplifiers that may have efficiencies as low as 30 percent 
or less. Thus, large amounts of battery power may be wasted as heat. 
20 A major breakthrough in high efficiency modulation systems and methods is 

described in copending Application Serial No. 09/195,384 to the present co-inventor 
Camp, Jr., et al., entitled Circuit and Method for Linearizing Amplitude Modulation in 
a Power Amplifier; Application Serial No. 09/195,129 to the present co-inventor 
Camp, Jr., et al., entitled Circuit and Method for I/O Modulation with Independent, 
25 High Efficiency Amplitude Modulation; Application Serial No. 09/207, 1 67 to the 
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present co-inventor Camp., Jr., entitled Amplitude Modulation to Phase Modulation 
Cancellation Method in an RF Amplifier and Application Serial No. 09/232,503 to the 
present co-inventor Camp, Jr., et al., entitled Power I/Q Modulation Systems and 
Methods. Each of these copending applications is assigned to the assignee of the 
5 present application and the disclosures of all these applications are hereby 

incorporated herein by reference. These applications describe systems and methods 
for modulating phase and amplitude separately using high efficiency amplifiers. 

Figure 1 is a block diagram of power modulation systems and methods that 
separately amplify amplitude and phase according to the above-cited copending 

10 applications. As shown in Figure 1, these power modulation systems and methods 

100 include a waveform generator 102 that generates an amplitude waveform G(A(t)) 
104 and a phase waveform F(<[>(t)) 106 from a plurality of data symbols 108. A phase 
modulator 110, such as a voltage controlled oscillator (VCO) and/or a phase locked 
loop (PLL), phase modulates the phase waveform 106 to produce a phase modulated 

15 waveform 112. An RF driver amplifier 114 may be included in order to overdrive a 
power amplifier 116. The power amplifier 116 is preferably a Class-C power 
amplifier that includes a power supply input 116a, a signal input 116b, and a power 
output 116c. The phase modulated waveform 112 is applied to the signal input 116b 
of the Class-C power amplifier 116, either directly from the phase modulator 110 or 

20 via the RF driver amplifier 114. 

Continuing with the description of Figure 1, a Class-D amplifier 120 is 
responsive to the amplitude waveform 104 to supply a variable supply voltage to the 
power supply input 116a of the power amplifier 116. An analog-to-digital converter, 
for example a delta sigma modulator 124 that operates from a clock frequency f d , 

25 converts the amplitude waveform 104 to a digital signal that is applied to the Class-D 
amplifier 120. The output of the Class-D amplifier 120 is then lowpass filtered, for 
example at a frequency f c , by a lowpass filter 126. The amplified amplitude 
waveform 122 is applied to the power supply input 116a of the power amplifier 116, 
and the phase modulated waveform 112 is applied to the signal input 116b of the 

30 power amplifier 116, to produce a power modulated waveform 130 of the data 

symbols 108 at the power output 116c. Thus, power modulation systems and methods 
of Figure 1 control the supply voltage to the Class-C power amplifier 116 using the 
Class-D power amplifier 120 in order to maintain a high overall efficiency. 
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As power modulators are used with increasingly higher frequencies, it may be 
desirable to further extend the frequency response thereof. For example, satellite 
radiotelephone communication systems may operate at relatively high frequencies 
compared to terrestrial radiotelephone communication systems. Accordingly, it may 
be desirable to extend the frequency response of power modulation systems and 
methods that separately modulate phase and amplitude. 

The frequency response of the power modulation systems and methods of 
Figure 1 may be extended by increasing the cutoff frequency f c of the lowpass filter 
126. Unfortunately, if the cutoff frequency of the lowpass filter is increased, noise 
from the delta sigma modulator 124 may be imparted on the power modulated 
waveform. Alternatively, a higher clock frequency f c , may be used for the delta sigma 
modulator. Unfortunately, this may increase the cost and/or decrease the efficiency of 
the delta sigma modulator 124 and/or the Class-D amplifier 120. Accordingly, there 
continues to be a need for power modulation systems and methods that can separately 
1 5 modulate phase and amplitude at high frequencies. 

Summary of the Invention 

It is therefore an object of the present invention to provide improved power 
modulation systems and methods. 
20 It is another object of the invention to provide improved power modulation 

systems and methods that can separately modulate amplitude and phase. 

It is yet another object of the present invention to provide systems and 
methods that can extend the frequency response of power modulation systems and 
methods that separately modulate amplitude and phase. 
^ These and other objects are provided, according to the present invention by 

^ separately amplifying a low frequency portion of an amplitude waveform and a high 
frequency portion of the amplitude waveform. The low frequency portion, generally 
containing most of the modulation energy, is preferably amplified at high efficiency 
to produce an amplified low frequency portion, while the high frequency portion may 
30 be amplified at lower efficiency to produce an amplified high frequency portion. The 
amplified low frequency portion and the amplified high frequency portion are 
combined to produce a combined amplified amplitude waveform that is applied to the 
power supply input of a high efficiency power amplifier. 
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The invention stems from the realization that the energy versus frequency in a 
conventional amplitude modulation spectrum generally diminishes rapidly with 
increasing frequency. Accordingly, efficient modulation is used for the low 
frequency portion of the amplitude waveform. Amplitude modulation frequency 
5 components above that frequency may be supplied using more conventional linear 
methods of modulation and amplification. Thus, the bulk of the amplitude 
modulation power may be supplied via efficient amplification, while the remaining 
frequency components, representing very little power, may be supplied via a less 
efficient but more convenient conventional linear control circuit. Overall high 
1 0 efficiency therefore may be maintained while allowing an extended bandwidth signal 
to be modulated. 

More specifically, power modulation systems and methods according to the 
invention generate an amplitude waveform and phase waveform from a plurality of 
data symbols. The amplitude waveform includes a low frequency portion and a high 

15 frequency portion. The phase waveform is phase modulated to produce a phase 
modulated waveform. A power amplifier, preferably a Class-C power amplifier, 
includes a power supply input, a signal input and a power output. The phase 
modulated waveform is applied to the signal input. The low frequency portion of the 
amplitude waveform is amplified at high efficiency to produce an amplified low ^> 

20 frequency portion. The high frequency portion is amplified at lower efficiency to 

produce an amplified high frequency portion. The amplified low frequency portion j^O 
and the amplified high frequency portion are combined to produce a combined f5 Q 
amplified amplitude waveform. The combined amplified amplitude waveform is 
applied to the power supply input of the power amplifier to produce a power 

25 modulated waveform of the data symbols at the power output of the power amplifier. 

In a preferred embodiment of the present invention, highpass filtering of the 
amplitude waveform is used to generate the high frequency portion. The amplifier for 
the low frequency portion includes a lowpass filter therein. The lowpass filter and the 
highpass filter have the same cutoff frequency so that flat frequency response is 

30 obtained. In another embodiment, the lowpass filter cutoff frequency may vary due to 
manufacturing tolerance variations and/or other causes. In order to compensate for 
the variable lowpass filtering, the highpass filter may have an adjustable highpass 
cutoff frequency that may be adjusted to be the same as the lowpass cutoff frequency. 
In one embodiment, the lowpass cutoff frequency may be determined using test tones 
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or other probing techniques. The adjustable highpass cutoff frequency is then 
adjusted to be the same as the lowpass cutoff frequency that is so determined. In 
another embodiment, the amplitude waveform may be lowpass filtered at a first 
lowpass cutoff frequency that is lower than the lowpass cutoff frequency that is 
5 included in the amplifier for the low frequency portion. This first lowpass cutoff 
frequency can be accurately controlled, for example by using a digital lowpass filter, 
so that the highpass filter also may be accurately matched to the digital lowpass filter. 

In other embodiments of the present invention, prefiltering may be used to 
extend the frequency response of the low frequency amplifier. In particular, the low 
10 frequency amplifier includes a lowpass filter therein having a lowpass cutoff 

frequency. The amplitude of the amplitude waveform is raised above the lowpass 
cutoff frequency to thereby extend the lowpass cutoff frequency to a second lowpass 
cutoff frequency that is higher than the lowpass cutoff frequency. The amplitude 
waveform is highpass filtered at the second lowpass cutoff frequency to thereby 
15 generate the high frequency portion. An adjustable highpass filter may be used and 
adjusted to be the same as the second lowpass cutoff frequency. 

In yet another embodiment of the present invention, the amplitude waveform 
may be prefiltered to raise the amplitude of the amplitude waveform above the 
lowpass cutoff frequency according to a frequency response that is complimentary to 
0 the lowpass filter, to thereby flatten the response of the low frequency amplifier 

beyond the lowpass cutoff frequency. More specifically, the amplitude waveform is 
prefiltered to produce a prefiltered amplitude waveform. The prefiltered amplitude 
waveform is amplified to produce an amplified prefiltered amplitude waveform. The 
amplifier includes a lowpass filter therein having a first cutoff frequency. The 
5 prefiltering raises the amplitude of the amplitude waveform above the first lowpass 
|v cutoff frequency to thereby extend the first lowpass cutoff frequency to a second 

lowpass cutoff frequency that is higher than the first lowpass cutoff frequency. More 
preferably, the amplitude of the amplitude waveform is raised above the first lowpass 
cutoff frequency according to a frequency response that is complimentary to the - - 
30 lowpass filter to thereby flatten the response of the low frequency amplifier beyond 
the first lowpass cutoff frequency. In this case, the portion of the amplitude 
waveform that is amplified by the high frequency lower efficiency amplifier can be 
reduced or eliminated. 
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In all of the above embodiments, the low frequency portion preferably is 
amplified in a Class-D amplifier, the high frequency portion preferably is amplified in 
a linear amplifier, and the power amplifier is a Class-C amplifier. A delta sigma 
modulator may be coupled between the waveform generator and the Class-D 
5 amplifier to provide analog-to-digital conversion. According to another aspect, the 
low frequency amplifier produces nonlinear distortion and the power modulation 
systems and methods generate a predistorted amplitude waveform from the amplitude 
waveform so that the distorted amplitude waveform is amplified to thereby 
compensate for the nonlinear distortion. 

10 Accordingly, the frequency response of high efficiency power modulation 

systems and methods may be extended by amplifying high frequencies using 
conventional amplifiers. Since the bulk of the amplitude modulation power is 
supplied via efficient power amplification, high efficiency still may be obtained. 
Thus, the frequency response may be extended without the need to provide more 

1 5 costly high frequency delta sigma modulators and/or Class-D amplifiers and without ^4. , 
the need to introduce additional noise into the modulated waveform. High 
performance high efficiency power modulation systems and methods thereby may be 



provided with extended frequency response. 

20 Brief Description of the Drawings 

Figure 1 is a block diagram of power modulation systems and methods that 

separately amplify amplitude and phase. 1 

CO 

Figures 2-4 are block diagrams of embodiments of power modulation systems UJ 
and methods according to the present invention. 
25 Figures 5A-5F and 6A-6F graphically illustrate frequency responses for 

various embodiments of Figure 4. 

Figures 7-11 are block diagrams illustrating other embodiments of power 
modulation systems and methods according to the present invention. 

Figures 12 and 13 illustrate embodiments of combiners that may be used in 
30 power modulation systems and methods according to the present invention. 

Detailed Description of Preferred Embodiments 

The present invention now will be described more fully hereinafter with 
reference to the accompanying drawings, in which preferred embodiments of the 
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invention are shown. This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodiments set forth herein; 
rather, these embodiments are provided so that this disclosure will be thorough and 
complete, and will fully convey the scope of the invention to those skilled in the art. 
5 Like numbers refer to like elements throughout. 

Referring now to Figure 2, a block diagram of power modulation systems and 
methods according to the invention will be described. Power modulation systems and 
methods 200 include a waveform generator 202 that generates an amplitude 
waveform G(A(t)) 204 and a phase waveform F(<j>(t)) 206 from a plurality of data 

10 symbols 208. The waveform generator 202 creates the baseband modulation signal 
amplitude and phase waveforms 204 and 206 respectively from the input datastream 
208 and the other characteristics of the modulation format, such as the filter shape and 
symbol rate. The phase waveform 206 preferably is scaled and formatted to yield a 
desired phase modulated radio frequency signal at a frequency F and is supplied to a 

1 5 phase modulator 210 such as a voltage controlled oscillator (VCO) and/or phase 
locked loop (PLL) to produce a phase modulated waveform 212. 

Still referring to Figure 2, a power amplifier 216, preferably a high efficiency 
Class-C power amplifier, includes a power supply input 216a, a signal input 216b and 
a power output 216c. The phase modulated waveform 212 is applied to the signal 

20 input 216b. The phase modulated waveform 212 may be directly applied to the signal 
input 216b. Alternately, the phase modulated waveform 212 may be applied to an 
optional RF driver amplifier 214, the output of which is applied to the signal input 
216b of the power amplifier 216. The RF driver amplifier 214 may be used to boost 
the signal level to the point that the signal input level to the power amplifier 216 is 

25 sufficient to overdrive the power amplifier 216 into saturation, thus insuring that the 
power amplifier is operating in Class-C mode and its output responds to the level of 
the voltage supply to its drain or collector. 

Still referring to Figure 2, the waveform generator 202 also supplies a time 
synchronized signal, representing the 'amplitude waveform 204 that is desired. The 

30 amplitude waveform 204 includes a low frequency portion and a high frequency 

portion. A low frequency amplifying system 240 amplifies the low frequency portion 
at high efficiency to produce an amplified low frequency portion 242. The low 
frequency amplifying system 240 preferably includes a delta sigma modulator 224 
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that converts the amplitude waveform into a digital waveform, and a Class-D 
amplifier 220 that amplifies the digital waveform. Thus, the Class-D amplifier 220 
produces a binary waveform whose time average tracks the amplitude modulation 
waveform. This time average is obtained by filtering the output of the Class-D 
5 amplifier using a lowpass filter 226 having a cutoff frequency f c . The lowpass filter 
226 also removes noise at the output of the delta sigma modulator 224. Accordingly, 
the low frequency amplifying system 220 can amplify the bulk of the amplitude 
modulation power at high efficiency to produce an amplified low frequency portion 
242. 

10 Still referring to Figure 2, a high frequency amplifying system 250 also is 

provided for amplifying the high frequency portion at lower efficiency to produce an 
amplified high frequency portion 262. In particular, the high frequency amplifying 
system 250 may include an optional digital delay unit 252 that can be used to delay 
the high frequency portion by a time T to thereby synchronize the signals that pass 

1 5 through the low frequency amplifying system 240 and the high frequency amplifying 
system 250. A highpass filter, preferably a digital highpass filter 254, may be 
included, that has a highpass filter frequency response that is the inverse of the 
lowpass filter 226. It will be understood that the highpass filter 254 may be provided 
as part of the waveform generator 202. 

20 As shown in Figure 2, the highpass filter 254 and the lowpass filter 226 have 

the same cutoff frequency f c . Thus, the signals from the low frequency amplifying 
system 240 and the high frequency amplifying system 250, when added together, will 
produce a flat frequency response. 

The high frequency amplifying system 250 also includes a digital-to-analog (D 

25 to A) converter 256 and a second lowpass filter 258 having a cutoff frequency that 
preferably is set for the highest frequency f h that is desired for the power modulation. 
This second lowpass filter 258 can limit the noise that will be imparted on the output 
signal. The signal from the second lowpass filter 258 is amplified by a conventional 
linear amplifier 260, for example a Class A or Class AB amplifier having a nominal 

30 40 percent efficiency, to produce the amplified high frequency portion 262. 

A combiner 270 combines the amplified low frequency portion 242 and the 
amplified high frequency portion 262 to produce a combined amplified amplitude 
waveform 272. The combined amplified amplitude waveform 272 is applied to the 
power supply input 216a of the power amplifier 216 to produce a power modulated 
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waveform 230 of the data symbols 208 at the power output 216c. The combiner may 
use capacitive coupling to couple the amplified low frequency portion 242 and the 
amplified high frequency portion 262 while isolating the low frequency amplifying 
system 240 and the high frequency amplifying system 250 from one another. 
5 Accordingly, the frequency response of the power modulation systems and 

methods 200 may be extended beyond the maximum limit that may be imposed by the 
delta sigma modulator noise. Moreover, this extended frequency response may be 
obtained with little loss in overall efficiency, because the power supplied by the high 
frequency amplifying system 250 may be between about one percent and about five 
10 percent of the total power that is used to amplitude modulate the power amplifier 216. 
Figure 3 is a block diagram of another embodiment of power modulation 
systems and methods 300 according to the present invention. It will be understood 
that the actual cutoff frequency f c of the lowpass filter 226 may vary based on 
manufacturing tolerances and/or other real world variations. Accordingly, it may be 
1 5 difficult to provide a highpass filter 254 in Figure 2 that has a cutoff frequency that 
matches the actual cutoff frequency of the lowpass filter 226. In the embodiment of 
Figure 3, an adjustable digital highpass filter 354 is provided. Means are also 
provided for adjusting the adjustable highpass cutoff frequency of the adjustable 
digital highpass filter 354 to be the same as a cutoff frequency f c of the lowpass filter 
20 226. More specifically, means are provided for determining the lowpass filter cutoff 
frequency f c for adjusting the adjustable highpass cutoff frequency of the adjustable 
digital highpass filter 354 to be the same as the lowpass cutoff frequency so 
determined. 

Specifically, in the embodiment shown in Figure 3, the waveform generator 
25 302 also generates test tones at specific frequencies instead of the amplitude 

modulation waveform 204, when desired. When the test tones are generated, the 
waveform generator 302 signals the switch 380 to open. An analog-to-digital 
converter 382 is coupled to the output of the combiner 270. The sampled data is then 

processed by a digital processor 384., .The digital processor 384 adjusts the cutoff 

30 frequency of the adjustable digital highpass filter 354 to correspond to the measured 
cutoff frequency of the lowpass filter 226. 

By measuring the amplitude and phase response of the lowpass filter 226 to 
tones of various frequencies in the region of the cutoff of that filter, the digital 
processor 384 can calculate an exact inverse function for the highpass filter. It will be 
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understood that the number of tones may depend on the number of poles in the 
lowpass filter 226. It also will be understood that a determination of the lowpass 
cutoff frequency and an adjustment of the adjustable highpass cutoff frequency may 
be made in the analog domain. Finally, it will be understood that the parameters of 
5 the high frequency amplifying system also can be measured using the system of 

Figure 3, wherein the tones are delivered to the high frequency amplifying system 250 
rather than the low frequency amplifying system 240, and the response is measured 
using the analog-to-digital converter 382. This can be used to measure the gain and 
phase shift of the high frequency amplifying system 250. However, these 

10 measurements may not be needed because the components of the high frequency 
amplifying system may be well controlled since they are digital. 

Figure 4 illustrates other embodiments of systems and methods 400 of the 
present invention that couple a digital prefilter 410 between the waveform generator 
202 and at least one of the low frequency amplifying system 240 and the high 

15 frequency amplifying system 250. The digital prefilter 410 may be used for various 
purposes as will be described in detail below. 

In a first use of the digital prefilter 410, the digital prefilter 410 is a lowpass 
digital prefilter that has a lower cutoff frequency than that of the lowpass filter 226. 
By having a lower cutoff frequency in the digital filter, the effect of variations of the 

20 cutoff frequency of the lowpass filter 226 on the overall response of the system may 

be reduced and preferably eliminated. In other words, the digital prefilter 410 acts as ^ 
a second lowpass filter that has a lower cutoff frequency than the lowpass filter 226. ^) 
This cutoff frequency may be well controlled because it is generated in the digital JJ 
domain. Accordingly, the digital highpass filter 254 may be matched to the cutoff 3? 

25 frequency of the digital prefilter 410 rather than being matched to the cutoff 
frequency of the lowpass filter 226, Thus, the sensitivity to variations in the 
lowpass filter 226 may be reduced and preferably eliminated. ^£ 
Figures 5A-5F illustrate frequency responses for this embodiment of Figure 4. ^5 
As shown in Figure 5 A, the lowpass filter 226 has a cutoff frequency fi. As shown in ^ 

30 Figure 5B, the digital prefilter 410 has a cutoff frequency f 3 that is lower than fi. 

Thus, as shown in Figure 5C, the frequency response of the low frequency amplifying 
system 240 is governed by the frequency response of the prefilter 410. As shown in 
Figure 5D, the digital highpass filter 254 is designed to have a cutoff frequency f 3 
corresponding to the digital prefilter 410. The lowpass filter 258 has a high cutoff 



10 
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frequency f h that represents the highest frequencies that are modulated. Accordingly, 
the combined response in Figure 5F is flat up to the desired cutoff frequency f h . 
Stated differently, the cutoff frequency of the digital prefilter 410 is lower than the 
cutoff frequency of the analog lowpass filter 226. Thus, the frequency response of the 

5 low frequency amplifying system 240 is governed by the digital prefilter 410 with a 
group delay that may be influenced by the analog lowpass filter 226. Thus, the digital 
highpass filter 254 in the high frequency amplifying system 250 can be exactly 
tailored to match the low frequency amplifying system 240. When all the elements 
are combined, the combined frequency response is shown in Figure 5F. 

10 A second use of the digital prefilter 410 of Figure 4 will now be described 

with the aid of Figures 6A-6F. As shown in Figure 6 A, the lowpass filter 226 of 
Figure 4 maintains a cutoff frequency f t . However, as shown in Figure 6B, in this 
embodiment the digital prefilter 410 is a rising frequency digital filter that raises the 
amplitude of the amplitude waveform above the lowpass filter cutoff frequency ft. As 

1 5 shown in Figure 6C, this rising amplitude digital frequency thereby extends the 

lowpass cutoff frequency of the low frequency amplifying system to a second lowpass 
cutoff frequency that is higher than the original lowpass cutoff frequency. 

Stated differently, the effect of the digital prefilter 410 is to reduce the slope of 
loss versus frequency so that the order of the digital highpass filter 354 in the high 

20 frequency amplifying system 250 can be reduced. This is shown as a lower slope in 
the digital highpass filter response versus frequency of Figure 6D. The response of 
the lowpass filter 258 is shown in Figure 6E. The combined response of the low 
frequency amplifying system 240 and the high frequency amplifying system 250 
results in a flat frequency response out to the bandwidth f h that is desired to support 

25 the amplitude modulation. Since the slope of the cutoff region of the combined 

digital prefilter and lowpass filter is less, the sensitivity of the digital highpass filter to 
match it may be less as well. However, the digital highpass filter and the high 
frequency amplifying system may show some sensitivity to variations in the 
frequency response of the first lowpass filter 258. 

30 Comparing the digital prefilters of Figures 5A-5F and Figure 6A-6F, the very 

same frequency response may be obtained. However, for the digital prefilter of 
Figures 5A-5F, the likelihood of maintaining the proper phase and amplitude 
relationship between the low frequency amplifying system 240 and the high 
frequency amplifying system 250 may be higher. In fact, the only variation of any 
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significance may be the group delay variation in the low frequency amplifying system 
240 that should be matched by the digital delay 252 in the high frequency amplifying 
system 250. This delay may be due solely to the analog lowpass filter 226 and may 
be of lesser effect than due to mismatch in the cutoff frequency between the two 
5 amplifying systems. 

In Figure 6B, a rising amplitude digital prefilter 410 was used to extend the 
frequency response of the low frequency amplifying system 240. In another 
embodiment of the invention as shown in Figure 7, the digital prefilter 710 is an 
inverse filter to the lowpass filter 226. In other words, the digital prefilter 710 is a 

10 highpass filter with the same cutoff frequency and slope as the lowpass filter 226. 
Thus, the digital prefilter 710 can completely remove the rolloff in the frequency 
response of the lowpass filter 226. Thus, the need for a high frequency amplifying 
system 250 may be eliminated. 

Accordingly, as shown in the systems and methods 700 of Figure 7, the 

15 amplitude waveform 204 is prefiltered by the digital prefilter 710 to produce a 

prefiltered amplitude waveform 712. The prefiltered amplitude waveform is then 
amplified to produce an amplified prefiltered amplified waveform 272. The 
amplifying system 740 includes a lowpass filter 226 having a first cutoff frequency f c . 
The digital prefilter raises the amplitude of the amplitude waveform 204 above the 

20 first lowpass cutoff frequency f c to thereby extend the first lowpass cutoff frequency 
to a second lowpass cutoff frequency that is higher than the first lowpass cutoff 
frequency. Preferably, the amplitude of the amplitude waveform is raised above the 
first lowpass cutoff frequency in a manner that is complimentary to the lowpass filter 
226, to thereby flatten the response of the amplifying system 740 beyond the first 

25 lowpass cutoff frequency. It will be understood that the digital prefilter 710 

preferably also includes a lowpass filter portion with cutoff fh, to limit the noise above 
that frequency. 

It will be understood that the dynamic range of the digital prefilter 710 may 
become too large to be practical. For example, even though the digital prefilter 710 
30 may be implemented in a digital processor associated with the waveform generator 
202, it may exceed the digital resolution that is available. In this case, the digital 
prefilter may be used to cancel only some, but not all of the rolloff in the first lowpass 
filter 226 as was already described in connection with Figures 6A-6F. 
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Figure 8 illustrates another embodiment of power modulation systems and 
methods 800 according to the present invention. Figure 8 combines the cutoff 
frequency determining system of Figure 3 and the digital prefilter of Figure 4 to 
reduce the effect of deviations in the cutoff frequency of the lowpass filter 226. Each 
5 of these systems has already been explained in detail in connection with Figures 3 and 
4 and need not be described again. 

The Class-C power amplifier 216 can have a nonlinear relationship between 
supply voltage and output level, resulting in distortion. Such amplifiers can also 
suffer from Amplitude Modulation to Phase Modulation (AM-to-PM) conversion, 
10 whereby modulation of the amplitude produces undesired modulation of the phase. 
Figure 9 illustrates power modulation systems and methods 900 that also compensate 
for such nonlinear distortion. 

Referring to Figure 9, the output signal amplitude may be measured using a 
power detector 910, the results of which are sampled and converted to digital by A to 
15 D converter 912 and converted to an amplitude value by a power to amplitude 
converter 914. This sampling may take place at a very slow rate. A comparator 
function 916 compares this amplitude to the value of the amplitude waveform G(A(t)) 
to calculate new correction values. Correction values are applied to a correction table 
918. 

20 Sampling is coordinated with the input to the amplitude modulation chain 

G(A(t)) so that the output of the power to amplitude conversion 914 can be compared. 
If an error is detected, a new correction value can be calculated for the correction 
table 918 for that value of input amplitude. The waveform G(A(t)) is then converted 
to a corrected waveform by the correction table 918 and the corrected waveform is 

25 applied to the digital prefilter 410. The correction table takes the desired amplitude 
value and adds a correction value to it so that the net output amplitude is a linear 
response with the amplitude input value. 

Since the nonlinearities involved may vary slowly with changes in temperature 
..and/or loading, this sampling and adjustment of the correction table values can take 

30 place at a slow rate, for example 1-10 times per second, and in such a way that the 
total amplitude response values may be tested. Pre-compensation systems and 
methods are described in detail in the above-cited copending and commonly assigned 
patent applications and need not be described in further detail herein. 
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Figure 10 illustrates another embodiment wherein the embodiment of Figure 4 
is combined with predistortion compensation of Figure 9. Figure 1 1 illustrates 
another embodiment wherein the embodiment of Figure 3 is modified to add 
predistortion compensation of Figure 9. Detailed descriptions of Figure 10 and 11 
5 need not be repeated. 

Referring again to Figure 1, a first embodiment of combiners 270 according to 
the present invention will now be described. As shown in Figure 12, the combiner 
270' is used to couple the low frequency amplifying system 240 and high frequency 
amplifying system 250 to the signal input 216b of the power amplifier 216. When the 

10 digital highpass filter 254 matches the analog lowpass filter 226 (for example as 

shown in Figures 2, 3, 6A-6F, 8, 9, 10 and 1 1), the combiner may be a conventional 
diplexor comprising a highpass filter including capacitors C2 and inductor L2 and a 
lowpass filter comprising inductors LI and capacitor CI. The digital highpass filter 
254 may be retimed to the lower capacitor frequency to avoid mismatching the sum of 

1 5 two paths. Preferably, the cutoff of LI equals the cutoff of L2 and the slopes 

preferably are equal. Other conventional combiners may be used to combine the 
outputs of the low frequency amplifying system and the high frequency amplifying 
system 240 and 250 respectively, while reducing and preferably minimizing 
interaction between these systems. 

20 Figure 13 illustrates another embodiment of a combiner 270" that may be used 

when the digital highpass filter 254 matches the digital lowpass filter which is less 
than the cutoff frequency of the analog lowpass filter 226. For example, as shown in 
Figures 5A-5F and 9-1 1, the digital prefilter 410 is of lower cutoff frequency than the 
cutoff frequency f c of the lowpass filter 226. As shown in Figure 13, the combiner 

25 270" includes a linear control device 1310 such as a field effect transistor, the source 
and drain of which are connected between the lowpass filter 236, the signal input 216 
via the power amplifier 210. The gate of the linear control device 1310 is connected 
to the output of the linear amplifier 260 as filtered by a filter 1312. Voltages VI and 
V2 across the linear control device are compared in a linear comparator 1314, the 

30 output of which is provided to a negative input terminal of the linear amplifier 260. 

Thus, the linear comparator 1314 outputs the difference between VI and V2. 
The loop comprising the comparator 1314, the linear amplifier 260, the filter 1312 
and the linear control device 1310 causes V2-V1 to track V s , where V s is the high 
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frequency components of the composite signal with enough DC component to make 
V s greater than 0. The DC component preferably is minimized to minimize the 
impact on the total DC to DC efficiency. It will be understood that the control signal 
in the lower path may be scaled to account for the DC drop across the linear control 
5 device. It will also be understood that other combining circuits may be provided. 

In the drawings and specification, there have been disclosed typical preferred 
embodiments of the invention and, although specific terms are employed, they are 
used in a generic and descriptive sense only and not for purposes of limitation, the 
scope of the invention being set forth in the following claims. 
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What is Claimed is: 



1 . A power modulation system comprising: 

means for generating an amplitude waveform and a phase waveform from a 
5 plurality of data symbols, the amplitude waveform comprising a low frequency 
portion and a high frequency portion; 

means for phase modulating the phase waveform to produce a phase 
modulated waveform; 

power amplifying means including a power supply input, a signal input and a 
1 0 power output, the phase modulated waveform being applied to the signal input; 

means for amplifying the low frequency portion at high efficiency to produce 
an amplified low frequency portion; 

means for amplifying the high frequency portion at lower efficiency relative to 
the high efficiency to produce an amplified high frequency portion; and 
1 5 means for combining the amplified low frequency portion and the amplified 

high frequency portion to produce a combined amplified amplitude waveform, and for 
applying the combined amplified amplitude waveform to the power supply input, to 
produce a power modulated waveform of the data symbols at the power output. 

20 2. A power modulation system according to Claim 1 further comprising 

means for highpass filtering the amplitude waveform to generate the high frequency 
portion. 

3. A power modulation system according to Claim 2 wherein the means 
25 for amplifying the low frequency portion includes means for lowpass filtering therein, 

the means for lowpass filtering and the means for highpass filtering having same 
cutoff frequency. 

4. A power modulation system according to Claim 2 wherein the means 
30 for amplifying the low frequency portion includes means for lowpass filtering therein, 

the means for lowpass filtering having a lowpass cutoff frequency, and wherein the 
means for highpass filtering comprises: 

means for highpass filtering the amplitude waveform at an adjustable highpass 
cutoff frequency; and 
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means for adjusting the adjustable highpass cutoff frequency to be same as the 
lowpass cutoff frequency. 



5. A power modulation system according to Claim 4 wherein the means 
5 for adjusting comprises: 

means for determining the lowpass cutoff frequency; and 
means for adjusting the adjustable highpass cutoff frequency to be same as the 
lowpass cutoff frequency so determined. 



UJ 



0 6. A power modulation system according to Claim 1 further comprising: 

means for lowpass filtering the amplitude waveform to generate the low 
frequency portion; and 

means for highpass filtering the amplitude waveform to generate the high ^) 
frequency portion. 

5 

7. A power modulation system according to Claim 6 wherein the means 
for amplifying the low frequency portion includes second means for lowpass filtering 
therein, the second means for lowpass filtering having a second lowpass cutoff 
frequency, and wherein the means for lowpass filtering comprises: 
:0 means for lowpass filtering the amplitude waveform at a first lowpass cutoff 

frequency that is lower than the second lowpass cutoff frequency, to generate the low 
frequency portion. 



CO 



8. A power modulation system according to Claim 1 wherein the means 
:5 for amplifying the low frequency portion includes means for lowpass filtering therein, 
the means for lowpass filtering having a lowpass cutoff frequency, and wherein the 
power modulation system further comprises: 

means for raising the amplitude of the amplitude waveform above the lowpass 
- -cutoff frequency to thereby- extend -the -lowpass cutoff frequency to a second lowpass 
10 cutoff frequency that is higher than the lowpass cutoff frequency; and 

means for highpass filtering the amplitude waveform at the second lowpass 
cutoff frequency to thereby generate the high frequency portion. 
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9. A power modulation system according to Claim 8 wherein the means 
for highpass filtering comprises: 

means for highpass filtering the amplitude waveform at an adjustable highpass 
cutoff frequency; and 

5 means for adjusting the adjustable highpass cutoff frequency to be same as the 

second lowpass cutoff frequency. 

10. A power modulation system according to Claim 1 wherein the power 
amplifying means produces nonlinear distortion, the power modulation system further 

10 comprising: 

means for generating a predistorted amplitude waveform from the amplitude 
waveform, at least one of the means for amplifying the low frequency portion and the 
means for amplifying the high frequency portion being responsive to the predistorted 
amplitude waveform to thereby compensate for the nonlinear distortion. 

15 

11. A power modulation system according to Claim 1 wherein the means 
for amplifying the low frequency portion comprises a class-D amplifier, wherein the 
means for amplifying the high frequency portion comprises a linear amplifier and 
wherein the means for power amplifying comprises a class-C amplifier. 

20 

12. A power modulation system according to Claim 1 1 wherein the means 
for amplifying the low frequency portion further comprises a delta sigma modulator 
that is coupled between the means for generating and the class-D amplifier. 

25 13. A power modulation system according to Claim 1 further comprising a 

digital prefilter that is coupled between the amplitude waveform, the means for 
amplifying the low frequency portion and the means for amplifying the high 
frequency portion to generate the low frequency portion and the high frequency 
portion. 



30 



14. A power modulation system comprising: 

means for generating an amplitude waveform and a phase waveform from a 
plurality of data symbols; 



18 



WO 00/70746 



PCT/USOO/09662 



means for phase modulating the phase waveform to produce a phase 
modulated waveform; 

power amplifying means including a power supply input, a signal input and a 
power output, the phase modulated waveform being applied to the signal input; 
5 means for prefiltering the amplitude waveform to produce a prefiltered 

amplitude waveform; and 

means for amplifying the prefiltered amplitude waveform to produce an 
amplified prefiltered amplitude waveform, the means for amplifying including means 
for lowpass filtering therein, the means for lowpass filtering having a first cutoff 
10 frequency, the amplified prefiltered amplitude waveform being applied to the power 
supply input, to produce a power modulated waveform of the data symbols at the 
power output; 

wherein the means for prefiltering comprises means for raising the amplitude 
of the amplitude waveform above the first lowpass cutoff frequency to thereby extend 
1 5 the first lowpass cutoff frequency to a second lowpass cutoff frequency that is higher 
than the first lowpass cutoff frequency. 

15. A power modulation system according to Claim 14 wherein the means 
for raising the amplitude comprises means for raising the amplitude of the amplitude 

20 waveform above the first lowpass cutoff frequency according to a frequency response 
that is complementary to the means for lowpass filtering, to thereby flatten the 
response of the means for amplifying beyond the first lowpass cutoff frequency. 

16. A power modulation system according to Claim 14 wherein the means 
25 for prefiltering comprises means for determining the first lowpass cutoff frequency 

and means for adjustably raising the amplitude of the amplitude waveform above the 
first lowpass cutoff frequency based upon the first lowpass frequency so determined, 
to thereby extend the first lowpass cutoff frequency to a second lowpass cutoff 
- frequency that is higher than the first lowpass cutoff frequency. 1 

30 

17. A power modulation system according to Claim 1 5 wherein the means 
for raising comprises means for determining the first lowpass cutoff frequency and for 
adjustably raising the amplitude of the amplitude waveform above the first lowpass 
cutoff frequency based upon the first lowpass frequency so determined, according to a 
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frequency response that is complementary to the means for lowpass filtering, to 
thereby flatten the response of the means for amplifying beyond the first lowpass 
cutoff frequency. 

5 1 8. A power modulation system according to Claim 1 4 wherein the power 

amplifying means produces nonlinear distortion, the power modulation system further 
comprising: 

means for generating a predistorted amplitude waveform from the amplitude 
waveform, at least one of the means for amplifying and the means for prefiltering 
10 being responsive to the predistorted amplitude waveform to thereby compensate for 
the nonlinear distortion. 



19. A power modulation system according to Claim 14 wherein the means 
for amplifying comprises a class-D amplifier and wherein the means for power 

15 amplifying comprises a class-C amplifier. 

20. A power modulation system, according to Claim 1 9 wherein the means 
for amplifying further comprises a delta sigma modulator that is coupled between the 
means for prefiltering and the class-D amplifier. 

20 

21. A power modulation system comprising: 

a waveform generator that generates an amplitude waveform and a phase 
waveform from a plurality of data symbols, the amplitude waveform comprising a 
low frequency portion and a high frequency portion; 
25 a phase modulator that phase modulates the phase waveform to produce a 

phase modulated waveform; 

a power amplifier including a power supply input, a signal input and a power 
output, the phase modulated waveform being applied to the signal input; 

a low frequency amplifying system that amplifies the low frequency portion at 
30 high efficiency to produce an amplified low frequency portion; 

a high frequency amplifying system that amplifies the high frequency portion 
at lower efficiency relative to the high efficiency to produce an amplified high 
frequency portion; and 
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a combiner that combines the amplified low frequency portion and the 
amplified high frequency portion to produce a combined amplified amplitude 
waveform, and that applies the combined amplified amplitude waveform to the power 
supply input, to produce a power modulated waveform of the data symbols at the 
5 power output. 

22. A power modulation system according to Claim 2 1 further comprising 
a highpass filter that is coupled to the amplitude waveform to generate the high 
frequency portion. 

10 

23. A power modulation system according to Claim 22 wherein the low 
frequency amplifying system includes a lowpass filter therein, the lowpass filter and 
the highpass filter having same cutoff frequency . 

15 24. A power modulation system according to Claim 22 wherein the low 

frequency amplifying system includes a lowpass filter therein, the lowpass filter 
having a lowpass cutoff frequency, and wherein the highpass filter comprises: 

an adjustable highpass filter having an adjustable highpass cutoff frequency. 

20 25. A power modulation system according to Claim 21 further comprising: 

a lowpass filter that is coupled to the amplitude waveform to generate the low 

frequency portion; and 

a highpass filter that is coupled to the amplitude waveform to generate the 

high frequency portion. 

25 

26. A power modulation system according to Claim 25 wherein the low 
frequency amplifying system includes a second lowpass filter therein, the second 
lowpass filter having a second lowpass cutoff frequency, and wherein the lowpass 
filter has a first lowpass cutoff frequency that is lower than" the second lowpass cutoff 

30 frequency, to generate the low frequency portion. 

27. A power modulation system according to Claim 21 wherein the low 
frequency amplifying system comprises a Class-D amplifier, wherein the high 
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frequency amplifying system comprises a linear amplifier and wherein the power 
amplifier comprises a Class-C amplifier. 



28. A power modulation system comprising: 
5 a waveform generator that generates an amplitude waveform and a phase 

waveform from a plurality of data symbols; 

a phase modulator that phase modulates the phase waveform to produce a 
phase modulated waveform; 

a power amplifier including a power supply input, a signal input and a power 
10 output, the phase modulated waveform being applied to the signal input; 

a prefilter that prefilters the amplitude waveform to produce a prefiltered 
amplitude waveform; and 

an amplifying system that amplifies the prefiltered amplitude waveform to 
produce an amplified prefiltered amplitude waveform, the amplifying system 
1 5 including a lowpass filter therein having a first cutoff frequency, the amplified 

prefiltered amplitude waveform being applied to the power supply input, to produce a 
power modulated waveform of the data symbols at the power output; 

wherein the prefilter raises the amplitude of the amplitude waveform above 
the first lowpass cutoff frequency to thereby extend the first lowpass cutoff frequency 
20 to a second lowpass cutoff frequency that is higher than the first lowpass cutoff 
frequency. 



29. A power modulation system according to Claim 28 wherein the 
prefilter raises the amplitude of the amplitude waveform above the first lowpass 
25 cutoff frequency according to a frequency response that is complementary to the 
lowpass filter, to thereby flatten the response of the amplifying system beyond the 
first lowpass cutoff frequency. 



30. A power modulation system according to Claim 28 wherein the 
30 amplifier system comprises a Class-D amplifier and wherein the power amplifier 
comprises a Class-C amplifier. 
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31. A power modulation method comprising the steps of: 

generating an amplitude waveform and a phase waveform from a plurality of 
data symbols, the amplitude waveform comprising a low frequency portion and a high 
frequency portion; 

5 phase modulating the phase waveform to produce a phase modulated 

waveform; 

amplifying the low frequency portion at high efficiency to produce an 
amplified low frequency portion; 

amplifying the high frequency portion at lower efficiency relative to the high 
10 efficiency to produce an amplified high frequency portion; 

combining the amplified low frequency portion and the amplified high 
frequency portion to produce a combined amplified amplitude waveform; 

applying the combined amplified amplitude waveform to a power supply input 
of a power amplifier; and 
15 applying the phase modulated waveform to a signal input of the power 

amplifier, to produce a power modulated waveform of the data symbols. 

32. A power modulation method according to Claim 3 1 further comprising 
the step of highpass filtering the amplitude waveform to generate the high frequency 

20 portion. 

33. A power modulation method according to Claim 32 wherein the step of 
amplifying the low frequency portion includes the step of lowpass filtering at same 
cutoff frequency as the step of highpass filtering. 

25 

34. A power modulation method according to Claim 32 wherein the step of 
amplifying the low frequency portion includes the step of lowpass filtering at a 
lowpass cutoff frequency, and wherein the step of highpass filtering comprises the 

----- steps- of:- — - - - ...,■.--»— - - . - 

30 highpass filtering the amplitude waveform at an adjustable highpass cutoff 

frequency; and 

adjusting the adjustable highpass cutoff frequency to be same as the lowpass 
cutoff frequency . 
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35. A power modulation method according to Claim 34 wherein the step of 
adjusting comprises: 

determining the lowpass cutoff frequency ; and 

adjusting the adjustable highpass cutoff frequency to be same as the lowpass 
5 cutoff frequency so determined, 

36. A power modulation method according to Claim 3 1 further comprising 
the steps of: 

lowpass filtering the amplitude waveform to generate the low frequency 
10 portion; and 

highpass filtering the amplitude waveform to generate the high frequency 
portion. 

37. A power modulation method according to Claim 36 wherein the step of 
1 5 amplifying the low frequency portion includes the step of lowpass filtering at a 

second lowpass cutoff frequency, and wherein the step of lowpass filtering the 
amplitude waveform comprises the step of: 

lowpass filtering the amplitude waveform at a first lowpass cutoff frequency 
that is lower than the second lowpass cutoff frequency, to generate the low frequency 
20 portion. 

38. A power modulation method according to Claim 3 1 wherein the step of 
amplifying the low frequency portion includes the step of lowpass filtering at a 
lowpass cutoff frequency, and wherein the power modulation method further 

25 comprises the steps of: 

raising the amplitude of the amplitude waveform above the lowpass cutoff 
frequency to thereby extend the lowpass cutoff frequency to a second lowpass cutoff 
frequency that is higher than the lowpass cutoff frequency; and 

highpass filtering the amplitude waveform at the second lowpass cutoff 
30 frequency to thereby generate the high frequency portion. 

39. A power modulation method comprising the steps of: 
generating an amplitude waveform and a phase waveform from a plurality of 
data symbols; 
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phase modulating the phase waveform to produce a phase modulated 
waveform; 

prefiltering the amplitude waveform to produce a prefiltered amplitude 
waveform; 

5 amplifying and lowpass filtering the prefiltered amplitude waveform at a first 

cutoff frequency to produce an amplified prefiltered amplitude waveform; and 

applying the amplified prefiltered amplitude waveform to a power supply 
input of a power amplifier and applying the phase modulated waveform to a signal 
input of the power amplifier, to produce a power modulated waveform of the data 
10 symbols; 

wherein the prefiltering step comprises the step of raising the amplitude of the 
amplitude waveform above the first lowpass cutoff frequency to thereby extend the 
first lowpass cutoff frequency to a second lowpass cutoff frequency that is higher than 
the first lowpass cutoff frequency. 

15 

40. A power modulation method according to Claim 39 wherein the step of 
raising the amplitude comprises the step of raising the amplitude of the amplitude 
waveform above the first lowpass cutoff frequency according to a frequency response 
that is complementary to the lowpass filtering step, to thereby flatten the response of 
20 the amplifying and lowpass filtering step beyond the first lowpass cutoff frequency. 
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